Butyrolactone autoregulators found in the genus Streptomyces are regarded as microbial hormones which, at nanomolar concentrations, control the production of secondary metabolites and morphological differentiation such as aerial mycelium formation (14, 31). According to their structural differences in the C-2 side chain, 10 butyrolactone autoregulators identified to date have been classified into three types ( Fig. 1 ): (i) the virginiae butanolide (VB) type, exemplified by VB-A to 19, 29, 35, 36) controlling virginiamycin production, possesses a 6-␣-hydroxy group; (ii) the IM-2 type, such as IM-2 of Streptomyces sp. strain FRI-5 controlling the production of a blue pigment and nucleoside antibiotics, possesses a 6-␤-hydroxy group (21, 31, 39); and (iii) the A-factor type, such as the A-factor of Streptomyces griseus, possesses a 6-keto group (11, 18, 22) . Although the structural differences among these autoregulators are small, producer strains show a high degree of ligand specificity toward the corresponding autoregulator type, indicating the presence of receptor proteins of strict ligand specificity (7, 20, 23) .
Butyrolactone autoregulators found in the genus Streptomyces are regarded as microbial hormones which, at nanomolar concentrations, control the production of secondary metabolites and morphological differentiation such as aerial mycelium formation (14, 31) . According to their structural differences in the C-2 side chain, 10 butyrolactone autoregulators identified to date have been classified into three types ( Fig. 1 ): (i) the virginiae butanolide (VB) type, exemplified by VB-A to VB-E (4, 19, 29, 35, 36) controlling virginiamycin production, possesses a 6-␣-hydroxy group; (ii) the IM-2 type, such as IM-2 of Streptomyces sp. strain FRI-5 controlling the production of a blue pigment and nucleoside antibiotics, possesses a 6-␤-hydroxy group (21, 31, 39) ; and (iii) the A-factor type, such as the A-factor of Streptomyces griseus, possesses a 6-keto group (11, 18, 22) . Although the structural differences among these autoregulators are small, producer strains show a high degree of ligand specificity toward the corresponding autoregulator type, indicating the presence of receptor proteins of strict ligand specificity (7, 20, 23) .
The individual receptor proteins for the three types of autoregulators have been isolated and characterized (24, 26, 34) . The gene for the VB-specific receptor was cloned from Streptomyces virginiae, characterized in our laboratory, and designated the barA (butyrolactone autoregulator receptor) gene. The barA product is a 232-amino-acid protein with a size of 25,001 Da which exists as a dimer in vitro. Although the deduced amino acid sequence of BarA did not show any overall homology with other proteins except for the A-factor receptor protein (ArpA) from S. griseus (26) and the IM-2 receptor protein (FarA) from Streptomyces sp. strain FRI-5 (34), onefourth of its N terminus exhibited homology (37) with the N-terminal regions of several transcriptional repressors of prokaryotic origin, such as TcmR from Streptomyces glaucescens (5, 6, 8, 27, 33, 41) . These transcriptional repressors belong to the TetR family of transcriptional repressors having a helixturn-helix DNA binding motif on the N terminus (9, 17) . The predicted presence of a helix-turn-helix motif in BarA leads to the speculation that BarA also binds to DNA and acts as a transcriptional repressor. However, no direct evidence for the DNA binding activity or the physiological function of BarA has been reported.
In this study, using purified recombinant BarA (rBarA) overexpressed in Escherichia coli, we have tested the DNA binding activity of BarA by surface plasmon resonance (SPR) analysis and a gel-shift assay and present for the first time in vitro evidence for its DNA binding activity. The DNA region to which BarA bound was localized to the promoter region of the downstream barB gene, suggesting that BarB may be the nextstep regulator in the signal transduction pathway of VBs leading finally to virginiamycin production. In vitro and in vivo analyses of the effect of VB are also presented, demonstrating that the regulatory function of BarA is controlled by VB through elimination of the DNA binding activity.
MATERIALS AND METHODS
Strains, culture media, and cultivation conditions. S. virginiae (strain MAFF 10-06014; National Food Research Institute, Ministry of Agriculture, Forestry, and Fisheries, Tsukuba, Japan) was grown at 28°C as described previously (8, 16) . VB-C6 3 was added at 8 h of cultivation to a final concentration of 300 nM, which was comparable to that produced by S. virginiae (VB activity of 32 to 150 U/ml, equivalent to 85 to 150 nM VB-A or 425 to 750 nM VB-C6 3 ). For genetic manipulation in E. coli, JM105, JM109, and DH5␣ were used. For expression of the cloned genes in E. coli and Streptomyces, strain BL21(DE3)/pLysS (32) and Streptomyces lividans TK21 (10), respectively, were used as hosts.
pUC19 was used for the construction of a partial genomic library, and pUC19 and M13mp19 were used for DNA sequencing. The Streptomyces promoterprobe plasmid pIJ4083 (1) was kindly provided by M. J. Bibb (John Innes Institute, Norwich, United Kingdom). Plasmids containing the promoter regions of barA (pAX258) and barB (pAB471) were constructed as follows. For construction of pAX258, the barA promoter region was amplified by PCR with primers 5Ј-AACTGCAGGCCGATGCGCAGGCCGG-3Ј and 5Ј-AAGGATCC AGGGCTTCTCCTGTCAT-3Ј (added sites for PstI or BamHI are underlined) and subcloned into the PstI-BamHI site of pUC19; for construction of pAB471, the barB promoter region was isolated by digestion of the EcoRI fragment (see Fig. 4 ) with StuI and subcloned into the HincII site of pUC19. DNA manipula-tions in E. coli and Streptomyces were performed as described by Sambrook et al. (30) and Hopwood et al. (10) , respectively.
Chemicals. All the chemicals were reagent or high-performance liquid chromatography grade and were purchased from either Nacali Tesque, Inc. (Osaka, Japan), Takara Shuzo Co. (Shiga, Japan), or Wako Pure Chemical Industrial, Ltd. (Osaka, Japan). Marker proteins for sodium dodecyl sulfate-polyacrylamide gel electrophoresis were purchased from Pharmacia LKB Biotechnology AB (Uppsala, Sweden). RNA markers were obtained from GIBCO BRL (Gaithersburg, Md.). [␣-32 P]dCTB was purchased from ICN Biomedicals Inc. Northern (RNA) blot analysis. Total RNA was isolated by the modified procedure of Hopwood et al. (10) and quantified by the absorbance at 260 nm. RNA (12 g) was loaded on each lane, electrophoresed on a 1.2% agarose gel, and transferred to Hybond-Nϩ (Amersham) according to the manufacturer's recommendations. Hybridization was carried out at 65°C for 18 h, followed by washing of the blot four times at 50°C for 5 min each with 2ϫ SSC (1ϫ SSC contains 0.015 M sodium citrate and 0.15 M NaCl [pH 7.7]) containing 0.1% sodium dodecyl sulfate. The probes used were the EcoT22I-SphI fragment for barA and the StuI-BamHI fragment for barB (see Fig. 4 ), labeled with [␣-32 P]dCTP by using the Random Primer DNA Labeling Kit, version 2 (Takara Shuzo Co.) according to the protocols supplied by the manufacturer. Densitometric analysis was carried out on a Shimadzu (model CS-9300PC) densitometer.
Determination of VB and virginiamycin. The amount of VB in liquid cultures of S. virginiae was determined by measuring the VB-dependent production of virginiamycin (38) . One unit of VB activity is the minimum amount required for induction of virginiamycin production and corresponds to 0.6 ng of VB-A per ml (2.6 nM) or 3.0 ng of VB-C6 3 per ml (13.9 nM). The amount of virginiamycin produced was determined by a bioassay with Bacillus subtilis PCI219 as an indicator strain (38) and purified virginiamycin as a standard.
Molecular cloning and DNA sequencing of barB. Total DNA of S. virginiae was obtained by the method of Rao et al. (28) . A partial genomic library was constructed in E. coli DH5␣, with size-fractionated EcoRI fragments (ϳ10 kbp) detected by Southern hybridization with barA on a 1.8-kbp KpnI-SalI fragment as a probe. The partial genomic library was screened by colony hybridization with the same probe, and the identical EcoRI fragment obtained from positive clones was sequenced by the dideoxy chain termination method on both strands by using single-stranded templates of M13mp19 or pUC19 clones.
Detection of catechol 2,3-dioxygenase activity. S. lividans was grown at 30°C in 50 ml of yeast extract-malt extract (YEME) medium (28) containing 10 g of thiostrepton per ml for 48 h with shaking at 200 rpm in baffled flasks. Cells were harvested by centrifugation at 11,500 ϫ g for 10 min at 4°C, washed with 50 ml of fresh YEME medium, and suspended in 5 ml of YEME medium. The main cultivation was carried out by inoculating aliquots of this cell suspension into 50 ml of YEME medium and culturing the mixture as described above for 6 h at 30°C. VB-C6 3 was added at 4 h of cultivation to a final concentration of 300 nM, which was comparable to that produced by S. virginiae. Cells were harvested by centrifugation at 11,500 ϫ g for 10 min, washed in ice-cold 20 mM potassium phosphate (pH 7.2), and suspended in a final volume of 3 ml of sample buffer (100 mM potassium phosphate [pH 7.5], 20 mM EDTA, 10% [vol/vol] acetone). Cells were lysed by sonication for 30 s followed by the addition of 50 l of 10% Triton X-100 per ml, and the extracts were placed on ice for 15 min. Cell debris was removed by centrifugation at 16,000 ϫ g for 5 min at 4°C, and the supernatant was used as the cell extract. For Western blot analysis, the cell extract was dialyzed against H 2 O. Catechol 2,3-dioxygenase activity was determined as described by Ingram et al. (13) by measuring the increase in A 375 from synthesized 2-hydroxymuconic semialdehyde.
Biosensor assays of protein-DNA interactions. The protein-DNA interaction was determined with the BIAcore system (Pharmacia Biosensor). BIAcore utilizes SPR, a quantum mechanical phenomenon which detects changes in the refractive index of incident light close to the surface of a thin gold film on a glass support (i.e., sensor chip) (2) . The surface of the sensor chip is covered with a carboxymethylated dextran polymer to which one of the reactants is linked directly or indirectly, such as by means of the specific interaction between biotin and streptavidin, while the other is introduced in flow over the surface. Binding of the soluble ligand to the immobilized one leads to an increase in the ligand concentration at the sensor surface, with a corresponding increase in the refractive index. This refractive index change alters the SPR, which can be detected optically. Binding is evaluated in arbitrary response units (RU), and a linear relationship exists between the mass of ligand bound to the dextran matrix and the arbitrary response units observed. A signal of 1,000 RU corresponds to a surface concentration change of approximately 1 ng/mm 2 . Sensor chip SA5 (research grade, precoated with approximately 4,000 RU of streptavidin) was obtained from Pharmacia Biosensor. Target DNA fragments were subcloned into the multicloning site of pUC19 and were biotinylated by PCR with primers 5Ј-GTAAAACGACGGCCAGT-3Ј and biotin-5Ј-CAGGAA ACAGCTATGAC-3Ј. rBarA was expressed and purified as described previously (24) . During the interaction between rBarA and DNA, 50 mM triethanolamine-HCl (TEA-HCl) (pH 7.0) containing 0.2 M KCl and 0.005% (vol/vol) Tween 20 was used as the running buffer. A 30-l sample of 3.65 M rBarA in 50 mM TEA-HCl (pH 7.0) containing 0.2 M KCl was injected across the sensor surface on which the respective DNA fragment had been immobilized. All experiments were performed at 25°C. Control DNA used in this experiment and in the gel-shift assay was the coding region of the gene rplK (25) encoding 50S ribosomal protein L11 (the StuI-Aor51HI 343-bp fragment in the Biosensor assay and the BssHII-StuI 107-bp fragment in the gel-shift assay).
FIG. 1. Structures of butyrolactone autoregulators isolated from
Streptomyces species. Absolute configurations of A-factor (11, 18, 22) , VBs (4, 19, 29, 35, 36) , and IM-2 (21, 31, 39) have been assigned to (3R), (2R,3R,6S), and (2R,3R,6R), respectively, as shown. Although the absolute configurations of factor I and three factors from S. bikiniensis and S. cyaneofuscatus have not yet been determined, the most probable forms based on spectroscopic data (3) are depicted. [ 3 H]VB-C 7 (54.6 Ci/mmol) indicates a synthetic Gel-shift assay. The DNA-protein binding reaction was carried out with 250 pg of 32 P-labeled double-stranded fragments (10,000 to 20,000 cpm) and 1.1 g of purified rBarA in 1ϫ binding buffer [50 mM TEA-HCl (pH 7.0) containing 0.2 M KCl, 10% (vol/vol) glycerol, and 1 g of poly(dI-dC) ⅐ poly(dI-dC)] in a total volume of 15 l. After incubation at 25°C for 5 min, autoregulators were added, and the mixture was incubated at 25°C for a further 5 min. The reaction mixture was subjected, at 4°C, to electrophoresis on a high-ionic-strength gel containing 5% acrylamide and 0.167% N,NЈ-methylenebisacrylamide with a running buffer of 50 mM Tris-Cl (pH 8.5) containing 380 mM glycine and 2 mM EDTA. Gels were dried and subjected to autoradiography.
Nucleotide sequence accession numbers. The nucleotide sequences of barX and barB were deposited in the DDBJ, EMBL, and GenBank databases under accession numbers AB001608 and AB001609, respectively.
RESULTS

Transcription of barA.
To elucidate the function of BarA, Northern blot analysis for barA expression with the EcoT22I-SphI fragment (see Fig. 4 ) was carried out. Expression of the barA transcript was detected in the early growth phase and gradually declined during cultivation (Fig. 2) . The addition of external VB at 8 h of cultivation induced virginiamycin production at 10 h of cultivation, while endogenous VB was secreted into the medium at 11 h and virginiamycin production began at 13 h (Fig. 3) . Addition of VB at 8 h of cultivation also moderately stimulated barA transcription (2.5-fold increase [ Fig. 2 , cf. lane 6 with lane 4]), suggesting that the transcription of barA seems to be autoregulated by BarA and VB (described in more detail below). The presence of the barA transcript in the early growth phase agreed well with the constitutive nature of VB binding activity in the S. virginiae cells (16a), implying that the induction of virginiamycin production by VB occurs through the interaction of VB with the preexisting BarA.
Gene cluster around barA. With the aim of finding target genes for which the transcription is controlled by BarA and VB, flanking regions of barA were sequenced. Two novel open reading frames (ORFs), barX and barB (Fig. 4) , were discovered. The barX ORF is divergently transcribed from that of barA. The deduced amino acid sequence of BarX showed homology with only AfsA of S. griseus (39.8% identity and 74.6% similarity), which has been postulated to catalyze A-factor biosynthesis. Although no typical Shine-Dalgarno (SD) sequence or Ϫ10 and Ϫ35 elements were found in the 5Ј flanking region of barX, similar to that for afsA (12) , alignment of the amino acid sequence of BarX with that of AfsA (Fig. 5A) suggested that translation on the barX transcript may start from position 304, leaving a 259-bp intergenic space between barX and barA.
From the preceding SD sequence and alignment of the deduced amino acid sequence with BarA, the barB ORF was predicted to start at the TTG codon 283 bp downstream from the barA terminator codon. BarB showed weak overall homology to BarA (30.8% identity) and ArpA (29.4%), but the homology is much higher for the N-terminus one-third (48.4 and 45.8%, respectively), where the helix-turn-helix DNA binding motif may be present (Fig. 5B) .
Northern blot analysis of barB mRNA. The possible regulation of the above-mentioned gene cluster by VB was investigated by Northern blot analysis. The barX transcript was a weak smear rather than a clear band, suggesting that the barX transcript was unstable and degraded rapidly. Western blot analysis, with the anti-rBarX antibody, clearly revealed the presence of BarX in S. virginiae cells throughout the cultivation, and its levels were not influenced by the addition of VB (data not shown). Therefore, the expression of barX can be concluded to have no relationship to the regulation by BarA and VB. On the other hand, the barB transcript was detected only at 12 h of cultivation when endogenous VB was produced, or the transcript was induced 2 h after the exogenous addition 4, respectively) . RNAs from cells with VB added at 8 h of cultivation and harvested at 10 and 12 h of cultivation were analyzed (lanes 5 and 6, respectively). The probe used was the EcoT22I-SphI fragment specific for barA transcripts (Fig. 4).   FIG. 3 . Growth (OE), production of VB (F), and production of virginiamycin (E). The concentration of VBs in the medium was expressed as the concentration of VB-A equivalents calculated from the total VB activity in the medium, with 1 U of VB activity ϭ 0.6 ng of natural VB-A, because S. virginiae produces at least five VBs with different specific activities. OD 600, optical density at 600 nm.
FIG. 4. Gene cluster around barA. The EcoT22I-SphI and StuI-BamHII fragment were used as probes specific for barA (Fig. 2) and barB (Fig. 6) , respectively.
of VB at 8 h of cultivation ( Fig. 3 and 6 ). With both endogenous and exogenous VB, the expression of barB occurred just before the production of virginiamycin (Fig. 3) (40) , raising the possibility that VB and its receptor BarA may regulate the expression of barB, which in turn controls virginiamycin production. The barB transcript was produced in two different sizes, 0.8 and 2.9 kb (Fig. 6) . While the 0.8-kb transcript agreed well with the size of the barB transcript deduced from its DNA sequence, the existence of the 2.9-kb transcript suggested that barB was transcribed polycistronically as a part of an operon, because no definite terminator or attenuator-like sequence could be found at the 3Ј flanking region of barB. The 0.8-kb transcript seems to be a product resulting from posttranscriptional processing of the polycistronic 2.9-kb transcript or from artificial breakage during RNA isolation. Further sequencing of the barB 3Ј flanking region may lead to the discovery of other genes for which the transcription is under the control of BarA and VB.
Regulation of barA and barB transcription by BarA in S. lividans. To determine whether BarA can directly regulate the transcription of barB and barA, an expression system in S. lividans was constructed with Streptomyces promoter-probe plasmid pIJ4083 (Fig. 7) , in which the promoterless xylE gene encoding catechol 2,3-dioxgenase was situated downstream of the cloning site. While the crude cell extract of cells harboring pIJ4083 showed little XylE activity, the extract of cells harboring the plasmid that contained the SmaI-ApaLI fragment corresponding to the barB promoter region showed strong promoter activity, but this activity was not influenced by the addition of VB (Table 1) . In clear contrast, the extract of cells harboring pBP311, which contains barA in addition to the barB promoter (Fig. 7) , showed promoter activity, in the absence of VB, which was less than 1/16 of that in the cells containing pBP302, but the addition of VB during cultivation caused a ninefold increase in XylE activity (Table 1 ). These results indicate that BarA, whose existence in the corresponding strain was confirmed by Western blot analysis with anti-rBarA antibody (data not shown), regulates the activity of the barB promoter. Similar results were obtained for the barA promoter, although the promoter activity and the degree of induction were much weaker than those for barB (Table 1) . These results agreed well with the data from Northern blot analysis ( Fig. 2  and 6 ).
Analysis of DNA binding in vitro by SPR and gel-shift assay. To confirm that BarA can bind directly to DNA to control the 1 to 4, respectively) . RNAs from cells with VB added at 8 h and harvested at 10 and 12 h were analyzed (lanes 5 and 6, respectively). The probe used was the StuI-BamHI fragment specific for barB transcripts (Fig. 4) .
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on August 15, 2017 by guest http://jb.asm.org/ transcription of the downstream gene, the DNA binding activity of BarA was investigated by using an SPR technique. The target DNA fragments labeled with biotin (Materials and Methods) were immobilized on a sensor chip by a biotinstreptavidin interaction. By using the promoter region of barA or barB immobilized on a sensor chip (about 600 to 700 RU corresponding to 0.6 to 0.7 ng of DNA/mm 2 ), a much larger increase in the resonance signal compared to that of control DNA was observed during the association phase (100 to 460 s), during which rBarA is present in the flow, and the signal declined more gradually compared to that of the control DNA during the dissociation phase (after 460 s), during which rBarA is not present in the flow (Fig. 8A) . These phenomena indicate specific binding of BarA to the upstream regions of barA and barB and subsequent gradual dissociation of rBarA due to the absence of rBarA in the flow.
To further localize the BarA binding sequences, the barB promoter region was subjected to further deletion analysis because the regulation of barB promoter activity by BarA is stronger and more rigid than that of the barA promoter activity (Fig. 2 and 5 and Table 1 ). SPR analysis of the deleted fragments revealed that there were at least two BarA binding sites in the upstream region of barB. One site was localized in a 3Ј flanking 137-bp fragment, and the other was in a 73-bp AgeIEheI fragment (nE229⌬ versus nA156⌬ and AN178⌬ versus EN105⌬, respectively). These two separate BarA binding sites (Nc137 and AgeI-EheI) might work together to enhance the regulation of barB transcription by BarA.
The results obtained by SPR were confirmed by the gel-shift assay (Fig. 9A) . The mobilities of Nc137 and the fragments containing the AgeI-EheI region (nE229⌬ and AN178⌬) were retarded, while nA156⌬ and EN105⌬ did not show any mobility shift. Binding specificity was demonstrated by competition analysis (Fig. 9B) . In the presence of equimolar amounts of unlabeled Nc137 or AN178⌬ and rBarA, the retarded band almost completely disappeared, while the nonspecific probe, nA156⌬, showed little effect. These data indicate clearly that the binding of rBarA is dependent on the DNA sequence.
Since the transcription of barB and barA was regulated by the addition of VB in vivo as described above, the effect of VB on the interaction between BarA and DNA was investigated (Fig. 9C) . When several autoregulators at various concentrations were added to the preincubated BarA-DNA complex, only VB showed a noticeable effect on the ability of BarA to bind to Nc137 and AN178⌬. While an equimolar amount of VB caused substantial dissociation of BarA from DNA, as evident from the nonretarded signal (lane 2), and a 20-fold excess of VB completely eliminated the retarded signal (lane 4), a 50-fold excess of A-factor did not influence the DNA binding activity of BarA (lane 7) and a 50-fold excess of IM-2 had only a slight effect on the retarded signal (lane 6). These results agreed well with the effectiveness of each ligand as an FIG. 7 . Structures and designations of the promoter-probe plasmids for determination of barA and barB gene promoter activity and BarA dependence. All fragments were subcloned into pUC19 once and recovered by digestion with EcoRI and HindIII for cloning into the EcoRI-HindIII site of the promoter-probe vector pIJ4083: xylE, a promoterless gene encoding catechol 2,3-dioxygenase from Pseudomonas putida; tsr, thiostrepton resistance gene; neo, promoterless neomycin resistance gene; tfd, transcriptional terminator of phage fd; and to, to transcriptional terminator. For construction of pAP302, the barA promoter fragment was isolated from pAX258. For construction of pAP301, the AgeI fragment treated with T4 DNA polymerase was inserted into the blunt-ended SphI site of pAX258. For construction of pBP311, the KpnI-ApaLI fragment blunt ended with T4 DNA polymerase was inserted into the HincII site of pUC19. For construction of pBP302, pBP311 was digested with NaeI and SphI and blunt ended with T4 DNA polymerase. For construction of pFA1 and pRA1, the AgeI fragment blunt ended with T4 DNA polymerase was subcloned into the HincII site of pUC19. inducer of virginiamycin production in S. virginiae (23): concentrations 300-fold and 3,000-fold higher than that of VB are necessary for IM-2-C5 3 and A-factor, respectively. From these lines of evidence, it can be concluded that the VB receptor BarA acts as a transcriptional factor of the expression of barA and barB. This regulation by BarA is controlled by the specific binding of VB to BarA.
DISCUSSION
We have shown by in vivo and in vitro experiments that the VB-specific butyrolactone autoregulator receptor BarA from S. virginiae is a transcriptional factor. In the absence of its ligand VB, BarA can bind to the upstream region of target genes and hence repress their transcription. This binding and subsequent repression were eliminated in the presence of VB. Reflecting the VB-specific nature of BarA, its dissociation from target DNA was effected only by VB and not by other autoregulators such as A-factor and IM-2 at physiologically relevant concentrations. There is a possibility that VB binding results in the dissociation of the BarA dimer into monomers, which may have low affinity toward the target DNA and hence dissociate from the DNA. However, this possibility is unlikely because BarA preincubated with excess VB was still eluted at the position of the BarA dimer by gel filtration chromatography (16a). Therefore, BarA should undergo a change in its affinity toward the target DNA as a result of the binding with VB, suggesting that a structural change(s) caused by the binding of VB to BarA was conveyed to the DNA binding region and led to some conformational changes in that region.
Regulation of barA, barB, and barX transcription by VB. VB is known as a factor that induces virginiamycin production, and it can be assumed that VB induces the transcription of several genes related to virginiamycin production. In this study, we demonstrated that the VB-BarA system controls the transcription of a previously unidentified gene, barB, and also barA. The transcriptional regulation is very stringent in the case of barB, as evident from the appearance of the barB transcript at 12 h of cultivation in S. virginiae (Fig. 6 ) and the ninefold increase in barB promoter activity, compared with that of the control, by the addition of VB to a culture of S. lividans (Table 1) . For barA, the regulation seems to be weak, because a moderate level of barA expression was observed at 6 h when no VB (Fig.  2) is present and the addition of external VB increased the barA transcript level only 2.5-fold in S. virginiae (Fig. 2) . However, since BarA can be considered to act as a transcriptional repressor in the absence of VB to inhibit virginiamycin production, its stimulatory effect on barA transcription in the presence of VB seems contradictory. As shown in Fig. 3 , VB synthesis and virginiamycin production continue for only a short period, indicating that a tightly regulated shutdown system for such processes is present in S. virginiae. Increased transcription of barA might be involved in such shutdown processes by its increased requirement for VB and the subsequent liberation of the unbound BarA to reinstate repression of the transcription of the target genes. However, the observation of almost no induction of the expression of barA transcript by endogenous VB (Fig. 2) is problematic. At present it remains unclear why barA transcription was stimulated by exogenously added VB but not by endogenously produced VB, while barB transcription was induced by both endogenous and exogenous VB (Fig.  6 ). These facts might indicate the existence of regulatory systems for barA expression other than the VB-BarA system in S. virginiae.
BarX is homologous to AfsA (identity, 39.8%; similarity, 74.6%), which has been postulated to catalyze A-factor biosynthesis. If we assume that BarX is one of the catalytic enzymes for VB biosynthesis, the constitutive expression of BarX as detected by Western blotting contradicts the fact that VB production occurs only at 12 h after the start of cultivation of S. virginiae (Fig. 3) . Although we cannot exclude the minor possibilities that preexisting BarX might be activated by posttranslational modification such as phosphorylation and that other biosynthetic enzymes might be limiting VB biosynthesis, BarX does not seem to play a major role in VB biosynthesis. When barX was introduced into S. lividans on a high-copynumber vector, no production of VB, IM-2, or A-factor was observed (16a), in clear contrast to the response to afsA. Therefore, although BarX is moderately homologous to AfsA, the function of BarX in S. virginiae seems to be different from that of AfsA in S. griseus.
BARE. The BarA DNA binding regions identified by deletion analysis (Fig. 8 and 9 ) were analyzed to locate the probable BarA-responsive element (BARE). BAREs should exist not only in the barB promoter region but also in the barA promoter region, although those in the barA region, reflecting the weak control of BarA on barA transcription, may deviate from the consensus sequence. Three putative BAREs (DDBJ, EMBL, and GenBank accession number D32251; nucleotide positions 1274 to 1295, 1296 to 1321, and 1502 to 1482) and two putative BAREs (nucleotide positions 301 to 324 and 358 to 377) were found in the barB and barA promoter regions, respectively. The sequences were AϩT rich and could form partial palindromes; for example, the barB upstream region from nucleotides 1274 to 1295 is 5Ј-CAAGGCAACCGGTCT GGTTTGA-3Ј and the region from nucleotides 1502 to 1482 is 5Ј-CAAGCGAACCGCTCGGTTTGC-3Ј. Our recent experiments showed that BarA specifically bound ca. 40-bp fragments (nucleotides 1265 to 1299 and 1465 to 1504) but not to a control fragment corresponding to nucleotides 1500 to 1539 (16a). Further deletion or footprinting analysis will unequivocally identify the BARE sequences.
BarB, a novel transcriptional factor. A previously unidentified gene, barB, situated 382 bp downstream of barA was discovered. Its transcription was strictly controlled by BarA and VB, and it seems to encode a 216-amino-acid-residue protein from the alignment of the amino acid sequence with those of BarA, FarA, and ArpA. Although the overall homology is not high, the N-terminal regions containing the probable helixturn-helix DNA binding motif are well conserved, suggesting that BarB may be a transcriptional factor that mediates the signal from VB and BarA for virginiamycin production. Purified rBarB overexpressed in E. coli exists as a dimer under nondenaturing conditions (16a), in agreement with the dimeric structure of all the autoregulator receptors, such as BarA, FarA, and ArpA. rBarB, however, showed no VB or IM-2 binding activity, and its amino acid composition indicates that BarB, with a pI of 10.26, is a very basic protein, in contrast to the rather acidic nature of all the autoregulator receptors. The pIs of BarA, FarA, and ArpA are 5.08, 5.29, and 5.06, respectively. Prokaryotic transcriptional repressor proteins similar to BarA are also acidic; the pIs of TcmR, EnvR, AcrR, MtrR, and TetR are 5.18, 5.65, 5.57, 6.56, and 5.25, respectively. Therefore, BarB can be considered a transcriptional regulator that exerts an effect on transcription which is different from that exerted by autoregulator receptors. The disruption of barB is in progress in our laboratory and should reveal the actual mechanism and function of BarB in virginiamycin production.
